Abstract-Pneumatic artificial muscle (PAM) as a soft actuator has the characteristics of lightweight, highly flexible and adaptable, and are enabling safer human-robot interaction. Relevant research has proved that it is instrumental for biomedical rehabilitation. In order to study the bending deformation of PAMs, in this paper, fiber-reinforced PAMs were analyzed using finite element software. The results show that different bending deformations of PAMs can be caused by changing the fiber angle. The smaller the fiber angle, the greater the bending deformation. When the fiber angle is 30°, the bending deformation is not obvious, and when it exceeds 30°, the bending direction changes. In response to this phenomenon of bending due to fiber changes, in this manuscript, a modular wearable soft robotic device for spinal rehabilitation assistance is proposed. By referring to the range of human spine motion, the spinal rehabilitation assistance module is simulated, and the spinal rehabilitation assistance module with fiber angle of 24 ° can better meet the range of lateral flexion (15~20 degrees) movement of human body. For forward flexion motion, because of its wide range of motion (40 ~ 60 degrees), it is possible to select a fiber angle that is within the range of human motion. In this paper, the PAM with a fiber angle of 27° was selected as the actuator of forward flexion. From the conclusion, firstly, the simulation study of bending deformation and fiber angle of PAMs has certain guidance for the experiment. Secondly, the simulation results of the module also prove the feasibility of being a wearable soft robotic device.
INTRODUCTION
Spinal cord injury (SCI) expecting for aging and accidental traumatic movement. Investigations have shown that sitting in a chair for a long time, lack of effective exercise, long-term accumulation can also cause SCIs, especially those who have suffered from SCIs, strokes and other abnormal movements. In addition, patients with SCIs are prone to other complications in the absence of exercise [1] , [2] . Although there are traditional Chinese medicine treatment methods in China, but because of the need of a number of physician-assisted in the treatment of a patient, which the treatment efficiency is low and the cost is high.
The therapeutic effect depends on the level of physicians and experience [2] . Thus, even in unexpected injuries, there are lacking to restore the patient to a state of overall activity and flexibility, or to help restore spinal units to loss of functional and mechanical strength in low-cost, high-efficiency solution. According to reports, for C5/C6 spinal cord injury repeated exercises are beneficial to the recovery of the spine [3] - [6] . Therefore, there is a great need for a wearable soft robotic device for spinal rehabilitation assistance that can be used to exercise anytime and anywhere for patients.
There are many ways to recover from SCI. The most simple method is to carry out rehabilitation training with the help of a doctor or a professional. In recent years, several ways have been developed: wearable exoskeletons [7] , traction bed [2] , soft robotics assistance system [8] . The advantages of wearable exoskeletons ( Fig.1.) include providing limb propulsion for ambulation and evoking the muscle activation necessary to complete ambulation, which is beneficial in terms of recovery of incomplete injuries [9] . Therefore, exoskeleton as a rehabilitation equipment has also attracted much attention, but it also has disadvantages. First, it is generally composed of rigid materials, with low flexibility and poor adaptability. Second, a set of exoskeleton is expensive, such as US Ekso needs $130 000, and US indego needs $73 000 [9] . Thus, generally only in large hospitals or communities will be associated with related equipment. And traction bed (Fig.1.) is a self-developed spinal rehabilitation assistance system in China, it combine with the thought of traditional Chinese medicine, which can effectively alleviate the pain of patients and help patients recover to a certain degree of presentation. However, the traction bed also have similar disadvantages as exoskeletons, so it is not easy to popularized. Compared with the characteristics of exoskeleton and traction bed, the spinal rehabilitation assistance made of soft actuator has high flexibility, adaptability and safer humanrobot interaction, so that soft actuator based robots and devices have been studied in the recent past for biomedical rehabilitation and applications including an assistive hand glove [10] , hip assistance [11] , an artificial heart [12] and neck assist device [13] and so on. In contrast to the disadvantages of exoskeletons and traction beds, it is obvious that the soft actuator cannot only reduce the cost but also greatly promote the function of the spine rehabilitation, and patients can be enabled train at home. The spinal assists device in this paper can not only achieve flexion motion, but also realize lateral motion.
The pathology of the spinal cord and the spinal structure was analyzed by observing the deformation of the spinal cord under different load conditions [14] , [15] . A spinal rehabilitation assistance device is proposed to provide assistance motion during rehabilitation training, for patients with C5/C6 spinal cord injury or less spinal cord injury. The device not only achieves lateral flexion and flexion, and also provides support when given a stable air pressure. As shown in Fig. 2 , the spinal rehabilitation assistance device can provide the active force to achieve lateral flexor and forward flexion of the patient, and can also achieve the support function by adjusting the air pressure to reach a specific air pressure.
In the research of this paper, the bending deformation of PAMs was first simulated by changing the variable of fiber angle. The results show that different bending deformations of PAMs can be caused by changing the fiber angle. The smaller the fiber angle, the greater the bending deformation. When the fiber angle is 30°, the bending deformation is not obvious, and when it exceeds 30°, the bending direction changes. At the same time, this paper a modular wearable soft robotic device for spinal rehabilitation assistance was designed. The spinal rehabilitation assistance module is simulated, and the spinal rehabilitation assistance module with fiber angle of 24 ° can better meet the range of lateral flexion (15~20 degrees) of human body. For forward flexion, because of its wide range of motion (40 ~ 60 degrees), it is possible to select a fiber angle that is within the range of human motion. In this paper, the PAM with a fiber angle of 27° was selected as the actuator of forward flexion.
II. RELATIONSHIP BETWEEN PAM AND FIBER ANGLE

A. Material Selection
The current soft robotic actuator usually design the interior into the chamber structure, the deformation of the actuator is achieved through the geometry of the chamber or the external fiber limiting layer [16] . And for the PAM actuators, the axial contraction is generally achieved through the outer limiting layer. When changing the parameters of the internal "rubber tube" or the angle of the fiber, the PAMs can achieve bending motion, torsion movement, etc. Considering the movement form of spine and achievable function of the PAM, the PAM in this paper needs to realize the bending motion, and the torsion motion is not considered.
Because of the change of the internal parameters of the rubber tube, it is necessary to consider the way of manufacture of the soft actuator. For most soft actuator, current methods of fabrication involve the casting of silicone rubbers into machined or 3D-printed [17] , [18] . By comparing the properties of common soft materials such as silicone rubber, natural rubber, IPMC, hydrogel, etc., and the material parameters that have been obtained. This paper chooses silicone rubber as the material of PAM, which is generally cast to obtain the relevant shape. The rubber tube was divided into left and right halves in the casting, and the rubber tube was respectively cast by using Dragon Skin 10 and Smooth-Sil 950. As shown in Figure 3 , stress-strain curve of Dragon Skin 10 and Smooth-Sil 950. Because of the hyper elasticity of silicone rubber, the material model in analysis software can be using the Yeoh model [19] . So the strain energy can be expressed as:
Where I 1 is the first invariant of the three (axial, circumferential and radial) principal stretch ratios , , and as:
And 0 is the initial shear modulus of the material, C 20 , C 30 are temperature-dependent material parameters.
In order to obtain the accurate material parameters of silicone rubber, the relevant test results are given in [18] , [20] . Combining formula (1) and (2), which are respectively obtained with the material coefficients as follows: C 1 = 0.34 Mpa, C 2 = 0.00 Mpa and C 1 = 0.0425 Mpa, C 2 = 0.00 Mpa for the silicone rubber. It is noted that the initial shear modulus was 0 = 2C 1 .
B. Actuator Design
The PAMs of this paper was wrapped around a layer of reinforced fiber. The main function of the fiber layer is as a guide and limit. At this time, the bending deformation of the guided PAMs can be achieved by changing the fiber angle in Fig. 4 . The basic shape of the artificial muscle in this paper is cylindrical. Considering the ratio of length to diameter of a cylinder, obviously, when the PAM is too short, the outer diameter is also reduced. Otherwise, the PAM will not appear bending deformation phenomenon. In the same way, if the length is too long, the ratio of length to diameter should be maintained. Combined with the average height of the upper half of the human body (adult), the length of the PAM is about 70~90 mm. When the ratio of length to diameter of PAMs are within the range of 7:1 or 8:1, a better deformation effect can be obtained. Therefore, the parameters of the PAM designed in this paper are as follows: the inner diameter is 6mm, the outer diameter is D2=10mm and the length is l=80mm (the length to diameter ratio is 8:1), where the end cover height of the two ends of the l=80mm is 3 mm. And the diameter of the outer reinforced fiber layer is about d = 0.18 mm. 
C. Boundary Conditions, Element Types and Others of FEM
In this paper, when discussing the influence of fiber angle on the bending deformation of pneumatic artificial muscle, in order to control the variables, the pressure is kept constant at 0.1 Mpa during analysis, and then the appropriate fiber angle is selected to be combined into a module.
To study the effect of fiber angle changes on the deformation of PAMs, 3-D FEM models were constructed and analyzed with ABAQUS/Standard (Simulia, Dassault Systemes). Simplifications in the model were kept to a minimum. The inlet for pressurized air was not taken into account in the model. All the components of the actuator were modeled using solid hexahedral quadratic (sweep, seed size = 0.8) hybrid elements (Abaqus type C3D20RH). On the periphery of the PAM, the material of the fiber winding was modeled as linear elastic (Young's modulus of E=31076 MPa and Poisson's ratio of = 0.36), and the thin fiber windings, quadratic beam elements were used (Abaqus element type B32), which were connected to the PAM body by tie constraints. And the boundary condition at the bottom of the whole PAM is Displacement/Rotation (U 1 = U 2 = U 3 = 0).
D. Simulation Results
As shown in Fig. 5 , with the fiber angle 3° as the starting angle and the 3° as increment, the deformation diagram of different fiber angles was simulated. Obviously, with the increase of fiber angle, the angle of PAM deformation was getting smaller. When the fiber angle is 30°, the bending deformation is not obvious, and when it exceeds 30°, the bending direction changes. Since the fiber angle is 6° and the fiber angle is 3°, the change is similar. For the convenience expression, the fiber angle is 6° the situation in Fig. 4 does not express. Similarly, the deformation of the interval above 30° is small, and is represented by only 51° in the middle.
As shown in Fig.6 , the line graph shows the relationship between the fiber angle and the bending angle of the PAM. It is noted that the bending angle of PAM in Fig. 6 , which fiber angle is 6° larger than that in fiber angle of 3 °, and the difference value is about 5.06 °. Combined with Fig. 4 , the deformation of PAM is discontinued, so the variation trend between 3 ° and 6 ° is negligible. According to the trend of the curve shown in Fig. 6 , the change before 6° may increase as increases with , but after 6°, as increases, becomes smaller and the curve changes toward linearity. The average motion range of the spine is given in [21] , including 40~60 degree forward flexion, 3~18 degree rotation, 15~20 degree lateral flexion, and 20~35 degree extension. The PAM actuator used in this paper can only provide forward flexion and lateral flexion; therefore, the rotation and extension are not discussed. Considering different height and range of motion, two fiber angles, such as 21° and 24°, can be chosen as PAMs for lateral flexion. In figure 6 , the displacements at fiber angles of 21° and 24° are similar, and the maximum difference between the two is about 12.83mm. In Figure 6 , the deformation angle of a single PAM is large, but the bending angle will be significantly reduced when connected to the connecting part, as will be specified in the next section. Therefore, a fiber angle of 21 °and 24 ° is selected as the PAM of lateral motion. For forward flexion, because of its wide range of motion (40 ~ 60 degrees), it is possible to select a fiber angle that is within the range of human motion. In this paper, the PAM with a fiber angle of 27° was selected as the actuator of forward flexion.
III. DESIGN OF SPINAL REHABILITATION ASSISTANCE MODULE
By studying of the biomechanics related to the spinal unit was carried out in order to identify the design requirements of spinal rehabilitation assistance module, and further improved potential application in assistive wearable systems. The specific parameters of a single module and the design principles of a spinal rehabilitation assistance module device will be introduced below.
A. Design of Spinal Rehabilitation Assistance Device
Module A single spinal rehabilitation assistance device module consists of three PAMs and two connecting parts at both ends. The basic parameters of the spinal rehabilitation assistance device module are shown in Fig. 7 . In Fig. 7 , the fiber angles of the two PAMs (No. 1 and 2) in contact with the back are the same to achieve lateral flexion movement, and the bending and deformation angles of the two PAMs should be close to the range of human movement. According to the previous analysis, it is possible to achieve lateral flexion movement of PAMs with fiber angles of 21 degrees and 24 degrees. Another PAM (No. 3) has a different fiber angle than the other two fibers in order to achieve a wide range of forward flexion movement. Due to the flexible connection between each module of the spinal rehabilitation assistance device, when the spinal rehabilitation assistance device module realizes the forward flexion, considering the gap between the modules, the PAMs close to the range of human forward flexion movement can be selected. Because of its wide range of forward flexion (40 ~ 60 degrees), it is possible to select a fiber angle that is within the range of human motion. In this paper, the PAM with a fiber angle of 27° was selected as the actuator of flexion motion.
Through the analysis of Chapter II, the basic parameters of the spinal rehabilitation assistance device module are shown in Figure 7 . The basic parameters of the PAM have been given in Section B of Chapter II, and the thickness of the connecting block associated with the pneumatic artificial muscle is H 1 =3 mm. So the total length of a single spinal assist device module is L=86 mm.
B. Design of Wearable Spinal Rehabilitation Assistance
A single spinal rehabilitation assistance device module cannot complete the assistance training, so it is necessary to combine multiple modules for auxiliary training. According to the height of the upper body of the human body, modules 6 to 8 modules are required to be combined into a spinal rehabilitation assistance device. As shown in Figure 8 , it consists of 6 modules and a gas source. In the completion of basic function, in order to increase the security and reduce the possibility of bringing harm to the patient and the secondary injury, the connection parts of each module is made of a flexible material with certain elasticity such as Flx9095, Flx9097 and other materials like it. At the present stage of this paper, only the spinal rehabilitation assistance device module is analyzed, and the spinal rehabilitation assistance device is proposed for explanation, and its design is not detailed, so this paper does not carry out in-depth discussion. 
IV. SINGLE MODULE ANALYSIS RESULTS
A single module is the important foundation of the spinal rehabilitation assistance device. The deformation of the single module will affect the deformation of the whole spinal rehabilitation assistance device. According to the analysis results in the previous section, there are two ways to combine a single module: 27° and 24° combination (group A) or 27° and 21° combination (group B).
Similar to the previous analysis of PAM, the materials, elements, constraints and load are basically the same, and the 0.1 Mpa pressure is applied to the two groups of modules respectively. In order to verify whether the module can achieve lateral movement, the pressure is applied to the left and right parts of each group separately, and the result shown in Fig. 9 : Theoretically, the left and right displacements are the same. But the analysis result shows that the left and right deformations of the two groups in Fig. 9 are difference, and the displacement of the left movement is greater than the displacement of the right movement by about 1~2 mm, which may be caused by a certain error when the fiber angle is assembled.
Because the fiber angle of the PAM that achieves the forward flexion is 27°, and each module has the cause of the gap. Therefore, the bending deformation of the pneumatic artificial muscle with a fiber angle of 27° is not considered, and the function of the module mainly depends on the deformation range of the lateral flexion. Similar to the conclusions in the previous section, the spinal rehabilitation assistance device module and deformation are also related to the fiber angle. Compared with the deformation of the A and B groups, it is obvious that the displacement of the B group is larger than that of the A group, but the gap between the two is relatively smaller than that of a single PAM changing the fiber angle. By comparing the two groups of results in Fig. 9 , it is clear that both groups of displacement graphs can perform better bending deformation. However, when comparing the bending angles of the two groups, it was found that the angle of group A is about 21.64° when bending to the left and about 21.87° when bending to the right. The angle of group B is about 29.73° when bending to the left and about 27.23° when bending to the right. It is obvious that the deformation of group a single module is close to the range of lateral flexion of human body, and the deviation of left and right is small. Therefore, the combination of 27 ° and 24 ° module can be used to realize forward flexion and lateral flexion of spinal rehabilitation assistance device.
V. CONCLUSION
This paper first studies the relationship between fiber angle and bending deformation of PAMs. From the simulation results, different bending deformations of PAMs can be achieved by changing the angle of fibers. The smaller the fiber angle, the greater the bending deformation. When the fiber angle is 30°, the bending deformation is not obvious, and when it exceeds 30°, the bending direction changes. The simulation results can provide some reference for the preparation of pneumatic artificial muscles in the future. Although this paper does not establish the mathematical relationship such as kinematics and dynamics for PAMs, it is obvious that there is a quantitative relationship between fiber angle and PAM, that's the key point that needs to be studied next.
According to the study of the relationship between PAM and fiber angle, this paper proposes a spinal rehabilitation assistance device based on PAM. The device is aimed at C5-C6 spinal cord injuries or patients with limited mobility to achieve rehabilitation in the patient's home. Nevertheless, this paper only proposed this scheme, but the spinal rehabilitation assistance device is not specifically designed. Instead, it focused on analyzing the module of the device. Therefore, this paper focuses on the analysis of modules with fiber angles of 24° and 27° and fiber angles of 21° and 27°. As far as the results are concerned, the combination of 24 ° and 27° can achieve a more ideal bending effect, and the lateral flexion angle (approximately 21°) is more closer to the range of 15~20 degrees of human lateral flexion. In conclusion, the finite element simulation in this paper proves that the proposed spinal rehabilitation assistance device can achieve lateral flexion and forward flexion, which provides important guidance and reference for the actual production equipment in the later stage.
